Brown adipose tissue (BAT) thermogenesis is critical to maintain homoeothermia and is centrally controlled via sympathetic outputs. Body temperature and BAT activity also impact energy expenditure, and obesity is commonly associated with decreased BAT capacity and sympathetic tone. Severely obese mice that lack leptin or its receptor (LepRb) show decreased BAT capacity, sympathetic tone, and body temperature and thus are unable to adapt to acute cold exposure ( 
Introduction
Leptin acts in the CNS to coordinate metabolism and energy balance. Deficiency of leptin or its receptor (LepRb) results in profound neuroendocrine failure, hyperphagia, and autonomic dysfunction (Ozata et al., 1999; Ahima et al., 2000; Hausberg et al., 2002) . This results in severe thermogenic defects and the inability to adapt to acute cold exposure attributable to decreased brown adipose tissue (BAT) function (Trayhurn et al., 1976 (Trayhurn et al., , 1977 Himms-Hagen, 1985) . However, little is known about the neuronal circuits involved in thermogenic leptin action.
Several central components that regulate sympathetic, thermogenic BAT circuits have been unraveled. The median preoptic area (mPOA) plays a key role, and a distinct set of mPOA neurons projects directly to premotor neurons in the medullary rostral raphe pallidus (rRPa) to regulate sympathetic BAT inputs (Yoshida et al., 2009 ). However, the dorsomedial hypothalamus (DMH) is required to mediate mPOA-evoked thermoregulatory responses . Specifically, neurons bordering the DMH and dorsal hypothalamic area (DHA) receive inhibitory inputs from the mPOA (Nakamura et al., 2005) , and systemic inflammation and cold exposure both activate DMH/DHA neurons as a result of decreased inhibitory mPOA inputs (Elmquist et al., 1996; Cano et al., 2003; Sarkar et al., 2007) .
At least two thermoregulatory circuits originate from DMH neurons, a direct projection to the rRPa from DMH/DHA neurons (Sarkar et al., 2007; Yoshida et al., 2009 ) and projections to the paraventricular nucleus (PVN) possibly regulating neuroendocrine and/or preautonomic outputs (ter Horst and Luiten, 1986; Thompson et al., 1996; Zaretskaia et al., 2008; Hunt et al., 2010) .
Leptin target neurons that express LepRb are found in several hypothalamic and extra-hypothalamic sites, including a large population in the DMH as well as in the mPOA . Thus, we hypothesized that at least a subpopulation of these LepRb neurons represent known thermoregulatory neurons that project to the rRPa or PVN as described above.
Here, we provide clear evidence that LepRb neurons in the DMH/DHA and mPOA (and other sites) are involved in sympathetic, thermoregulatory BAT circuits, by analyzing LepRb neurons that were transsynaptically and retrogradely traced with pseudorabies virus (PRV) injected into the BAT. Additional studies revealed that LepRb neurons in the DMH/DHA (but not the mPOA) were stimulated by acute cold exposure (as measured by c-Fos induction) and project to the rRPa but not the PVN.
A large number of mPOA LepRb neurons was found to project directly to the DMH/DHA, suggesting their interaction with LepRb neurons in the DMH/DHA. mPOA LepRb neurons also projected to the rRPa. Furthermore, using LepRb-specific expression of an anterograde, transsynaptic tracer, we demonstrated that LepRb neurons indeed synaptically couple with neurons in the rRPa, thus indicating that leptin acts on several neuronal populations critical for thermoregulatory control.
Therefore, we show strong evidence for an important role of leptin in the control of sympathetic, thermoregulatory BAT circuits. The identification of LepRb neurons in thermoregulatory circuits further raises the important question to what extent thermoregulatory leptin action contributes to the severe obesity in leptin-or LepRb-deficient mice.
Materials and Methods

Animals. LepRb
cre/cre , double-homozygous LepRb cre/cre , Gt(ROSA) 26Sor tm2Sho/tm2Sho (LepRb EGFP ), and LepRb WGA mice were generously provided by Dr. Martin G. Myers (University of Michigan, Ann Arbor, MI) and were described in detail previously (Leshan et al., 2006 (Leshan et al., , 2010 Faouzi et al., 2007; Leinninger et al., 2009) . Briefly, LepRb cre/cre mice express an internal ribosomal entry site-driven second cistron that encodes cre recombinase from the LepRb-specific exon of the Lepr gene. In LepRb EGFP reporter mice, LepRb-specific cre recombinase was used to drive the cre-inducible expression of enhanced green fluorescent protein (EGFP) from the rosa locus, thus limiting EGFP expression to LepRb neurons (Leshan et al., 2006) . LepRb WGA mice were generated from crossing LepRb cre/cre mice with mice that carry a ubiquitously expressed cytomegalovirus promoter-driven cre-inducible wheat-germ agglutinin (WGA) transgene (iZ/WAP mice), thus resulting in mice that express WGA in LepRb neurons (LepRb WGA mice) (Leshan et al., 2010) . LepRb cre/cre mice were used for adenoviral tracing experiments, LepRb EGFP mice for PRV, acute cold exposure, and LepRb axonal fiber studies. LepRb WGA mice were used in second-order neuron studies, and wild-type FVB mice were used for fluorogold tracing studies. Male and female mice were used in studies, and no differences between sexes were observed. All animals were bred in-house and group housed at a 12 h light/dark cycle with ad libitum access to food and water unless stated otherwise. All animal experiments were approved by the institutional animal care and use committee.
Pseudorabies virus infection of BAT. The retrograde and transsynaptic tracer pseudorabies virus has been extensively used in the literature to visualize neuronal populations that are involved in the autonomic regulation of peripheral organs, including the exclusively sympathetically innervated BAT (Bamshad et al., 1999; Kerman et al., 2006; Voss-Andreae et al., 2007) . To identify LepRb neurons that are involved in sympathetic BAT regulation, we injected a Discosoma red (DsRed)-expressing PRV614 (Banfield et al., 2003) (kindly provided by the National Center for Experimental Neuroanatomy with Neurotropic Viruses) into the BAT of LepRb EGFP reporter mice. Mice were anesthetized with isoflurane/oxygene, and BAT was exposed by an intrascapular incision. PRV614 (viral titer, 1 ϫ 10 9 pfu/ml) was then injected with a pulled glass tip attached to a 0.5 l Hamilton syringe. Five separate injections each of 50 nl were distributed into the right interscapular BAT depot, and injection sites were dried off to prevent any systemic leakage of the virus. Mice were single housed after viral infection for 60 h (n ϭ 2) and 96 h (n ϭ 4) and then perfused and processed as described below. Brains and spinal cords were removed, postfixed in Formalin, and cryoprotected in 30% sucrose until additional analysis. The spinal cords of the 60 h postinfected mice were immunohistochemically stained for choline acetyltransferase (ChAT) and PRV; brains were processed for EGFP (LepRb) and PRV (DsRed).
Cold-induced c-Fos expression in LepRb neurons.
To further identify whether LepRb neurons in the DMH are involved in thermoregulatory responses, we investigated whether LepRb neurons are stimulated by acute cold exposure. To do this, six LepRb EGFP reporter mice were single housed, and food was removed to prevent randomized feeding bouts. Three of these mice were then exposed to 4°C for 3 h, and the other three mice remained at room temperature (21°C). For cold exposure, mice had to be moved to a new room in their home cages, thus the control group was similarly moved to a new room, to control for any handling-based c-Fos induction. Brain sections were processed for c-Fos (as a surrogate for neuronal activity) and EGFP (to identify LepRb neurons) and the number of LepRb EGFP neurons colocalized with c-Fos in the DMH/DHA was estimated between groups, as described below.
Stereotaxic injections of Ad-iZ/EGFPf into the DMH. To investigate the projection sites of axonal and dendritic processes from LepRb neurons in the DMH, we used a LepRb-specific viral tracer (Ad-iZ/EGFPf, kindly provided by Dr. Martin G. Myers) that expresses farnesylated EGFP (EGFPf) during cre recombination in LepRb cre/cre mice, as described previously Leshan et al., 2009) . The farnesylation anchors EGFP to the cell membrane and thus increases the visualization of thin axonal processes. For stereotaxic injections, LepRb cre/cre mice were anesthetized with isoflurane/oxygen, and the head was mounted in a stereotaxic frame (David Kopf Instruments). An incision was made to expose the skull, an access hole was drilled at coordinates 1.4 mm caudal and 0.3 mm lateral to bregma, and a guide cannula was inserted 4.2 mm ventral to bregma. An injector filled with Ad-iZ/EGFPf and attached to a 0.5 l Hamilton syringe was inserted in the guide, and a volume of 400 nl was slowly infused in the DMH tissue (10 nl/30 s). Guide and injector were removed, the skull access was sealed with bone wax, and the skin was closed with wound clips. Analgetics were applied once to the incision site (bupivacaine/lidocaine, 5 mg/kg) and subcutaneously during recovery every 12 h for 2 d (buprenorphine, 10 g/kg). After the surgery, mice were single housed for 5 d to allow for viral transport of EGFPf expression before transcardial perfusion with 10% neutral buffered Formalin to collect brains for additional analysis.
Retrograde tracing experiments with fluorogold. To investigate the exact anatomical distribution of LepRb neurons that project to the PVN, rRPa, and DMH/DHA, we stereotaxically injected mice with the retrograde tracer fluorogold (FG) (Hydroxystilbamid; Invitrogen) into the PVN, the rostral medullary raphe (RMR) (which includes the rRPa), and the DMH/DHA. Surgical procedures were similar as described above; however, for increased stereotaxic precision, we used the stereotaxic alignment system (David Kopf Instruments). In each case, we injected 10 nl of a 2% FG solution in sterile saline into the PVN (0.8 mm caudal, 0.25 mm lateral, and 5 mm ventral to bregma), RMR/rRPa (6.0 mm caudal, 0 mm lateral, and 5.75 mm ventral to bregma), DMH/DHA (1.8 mm caudal, 0.25 mm lateral, and 5 mm ventral to bregma). After the surgery, animals were single housed, and FG transport was allowed for 5 d. Animals received an intraperitoneal leptin injection (from National Hormone and Pituitary Program and Dr. Parlow, Harbor-University of California, Los Angeles Medical Center, Torrance, CA) 1 h before perfusion to allow later immunohistochemical identification of LepRb neurons by staining for leptin-induced STAT3 phosphorylation (pSTAT3).
Perfusion and immunohistochemistry. For immunohistochemical analysis, mice were deeply anesthetized with an overdose of pentobarbital (4 mg/kg) and perfused with saline, followed by 10% Formalin via the left ventricle. Brains or spinal cords were removed, postfixed in Formalin, and cryoprotected in 30% sucrose. Brains were sliced into four series of 30 m sections and processed for free-floating immunohistochemistry (IHC) as described previously (Faouzi et al., 2007) . Briefly, sections were pretreated consecutively with H 2 O 2 in ice-cold methanol, 0.3% glycine, and 0.1% SDS for pSTAT3 IHC and/or blocked in 3% normal donkey serum and then incubated with primary antibodies [rabbit anti-pSTAT3, 1:1000 (Cell Signaling Technology); rabbit anti-c-Fos, 1:5000 (EMD Biosciences); chicken anti-GFP, 1:1000 (Abcam); rabbit anti-DsRed, 1:1000 In the overview (A), the outline of the DMH with regard to the third ventricle (3V), mt, and fx are shown. In the high magnification (B), the compact DMH is seen by the more cell-dense area in the DMH, and dDMH and vDMH are located dorsal and ventral to the cDMH, respectively. The DHA is defined as the area between the mt and dDMH. C, Rostral to caudal extend of LepRb neurons in the DMH in relation to the neuronal marker NeuN and mt as a landmark.
(Clontech); goat anti-␤-galactosidase, 1:3000 (Covance); goat-anti-ChAT, 1:1000 (Millipore Corporation); goat anti-WGA, 1:1000 (Vector Laboratories); and mouse anti-neuronal-specific nuclear protein (NeuN), 1:1000 (Millipore Corporation)] overnight at room temperature or for 2 d at 4°C. Sections were then washed and incubated in secondary antibodies labeled with either Alexa fluorophores (Invitrogen) or with biotin for subsequent visualization with the diaminobenzine procedure.
Analysis of data and quantification of neurons. IHC staining was visualized with a fluorescent microscope (Olympus BX51), and images were taken with a digital camera (Olympus DP30BW) using appropriate filters for different fluorophores or bright-field illumination for DAB stain. Identical images were taken for double IHC, overlaid, and pseudocolored using Olympus Software and Adobe Photoshop (Adobe Systems). Contrast and brightness were adjusted for fluorescent signals with Adobe Photoshop (Adobe Systems) for better visualization of neurons.
For Ad-iZ/EGFPf tracing from LepRb neurons in the DMH, we analyzed four mice with correct injections into the DMH and showed representative images of projection sites in the mPOA, DMH, PVN, and rRPa in Figure 4 .
For FG tracing experiments, we focused our analysis on the mPOA and DMH/DHA to investigate colocalization of LepRb neurons with FG-traced neurons from the RMR/rRPa (n ϭ 4), DMH/DHA (n ϭ 3), or PVN (n ϭ 2). Representative images were shown for the DMH/ DHA and mPOA, and, in some cases, we generated schematic drawings of the images to emphasize the number and distribution of colocalized LepRb/FG neurons compared with the remaining single-labeled LepRb neurons.
Estimates of cell counts were performed as described previously . Briefly, all images were taken as described above with all settings identical (exposure time, brightness, and contrast) to ensure the comparability between images of different sections and animals.
To quantify the number of leptin-induced pSTAT3 neurons that are colocalized with LepRb EGFP in the DMH, we counted cells in three LepRb EGFP brains after a 1 h leptin stimulation. Images of the DMH were taken between bregma level Ϫ1.8 to Ϫ2.0 mm, resulting in three DMH sections, and cell counts were performed bilaterally, including the ventral (v) DMH, compact (c) DMH, dorsal (d) DMH, and DHA. The mean number of pSTAT3/EGFP double-labeled neurons between the DMH sections was expressed as the percentage of the total number of pSTAT3-positive neurons.
For PRV experiments, we analyzed all LepRb-expressing sites for their colocalization with PRV. The relative PRV infection, abundance of LepRb-expressing neurons, as well as colocalized neurons were evaluated in three brains (one brain was excluded because of GFP leakage and thus insufficient GFP staining) and reported in Table 1 . To further quantify the number of PRV/EGFP colabeled neurons, we took images of three PRV614-injected mouse brains. All sites showing PRV/LepRb labeling were quantified. The following number of sections were taken and quantified for the specific sites: one to two sections in the mPOA, one section in the DMH/DHA (between bregma level Ϫ1.8 to Ϫ1.9 mm), one section in the retrochiasmatic area (RCh), three to four sections in the Edinger Westphal nucleus (EW), and one to two sections in the nucleus of the solitary tract (NTS). The number of PRV/LepRb colabeled neurons was expressed as percentage of the total number of PRV-labeled neurons in those sites.
To quantify cold-induced c-Fos in LepRb EGFP neurons, images of five to six animals per group (room temperature, n ϭ 5; 3 h cold exposure, n ϭ 6) were taken. For the DMH/DHA area, one image per brain was used for cell counts, and LepRb neurons were counted in total as well as for their colocalization with c-Fos. We did not quantify colocalized cFos/LepRb neurons in the mPOA, because we could not identify colocalized c-Fos/LepRb neurons in either group (data not shown). The total number of counted LepRb neurons was presented to demonstrate the comparison of similar LepRb populations between animals. The number of c-Fos colocalized LepRb neurons was expressed as percentage of the total number of LepRb neurons in the quantified area. Statistical significance was tested with a Student's t test, and a statistical significance was accepted at p Ͻ 0.05. These cell counts were not meant to give precise cell numbers of stimulated LepRb neurons in the DMH/DHA but served as estimates for cold-induced neuronal activity in LepRb neurons in the DMH/DHA compared with the group kept at room temperature. 
Results
Anatomical outline of LepRb neurons in the DMH, DHA, and mPOA
In this study, we describe a population of LepRb neurons at the border of the DMH and DHA (DMH/DHA). In the mouse brain atlas (Paxinos and Franklin, 2004) , the DHA is referred to as posterior hypothalamus (PH) and describes the area between the DMH and mammillothalamic tract (mt), whereas in the rat brain atlas (Paxinos and Watson, 1998) , the rostral portion of the PH is specifically described as DHA. In the rat, DMH/DHA neurons have been particularly highlighted to project to the raphe pallidus (Hosoya et al., 1987 (Hosoya et al., , 1989 Hermann et al., 1997) and to be important in thermoregulatory control Morrison et al., 2008) . Our findings on LepRb DMH/DHA neurons as outlined below show close similarity to the excitability and connectivity demonstrated in the rat; thus, here we adopted the rat terminology of DMH/ DHA neurons.
To clarify the anatomical localization of LepRb neurons within the mouse DMH and DHA, we counterstained brains from LepRb EGFP mice for GFP and the neuronal marker NeuN and further processed adjacent sections for Nissl stain (Fig. 1) . In an overview ( Fig. 1 A) , the distribution of LepRb EGPF neurons compared with common neuroanatomical landmarks, such as mt and fornix (fx) is demonstrated. The middle portion of the DMH can be subdivided into three distinct areas based on the mouse brain atlas (Paxinos and Franklin, 2004) , whereas the most rostral (Fig. 1C , bregma Ϫ1.7 mm) and caudal (Fig. 1C , bregma Ϫ2.18 mm) portions are simply referred to as DMH. The compact DMH is named after its denser neuronal aggregation, which is recapitulated with NeuN and Nissl stain (Fig. 1A,B) . The ventral and dorsal DMH lay below and above the cDMH, respectively, and show less dense NeuN labeling. Laterally, the DMH is bordered by the perifornical area and lateral hypothalamus, and the fornix serves as a general landmark to visualize the separation of DMH and lateral hypothalamus. The vDMH is ventrally delimited by the ventromedial hypothalamus, whereas the dDMH is dorsally confined by the DHA. The DHA is described as the area between the mt and the dDMH.
LepRb neurons are most dense and abundant in the vDMH but are also found in the dDMH and cDMH, but a noticeable area with less LepRb neurons is found in the cDMH. LepRb neurons in the dDMH extend further into the dorsal portion of the DHA, and this population is referred to as DMH/DHA LepRb neurons. In Figure 1C , the rostrocaudal extent of LepRb neurons in the DMH is shown, including the mt as anatomical landmark. We found that the distribution of LepRb neurons recapitulate the anatomical outline of the DMH sufficiently as defined by NeuN staining. Thus, in the following experiments, we use the distribution of LepRb neurons in the DMH/DHA and the mt as anatomical landmarks.
We further investigate the projections of LepRb neurons in the preoptic area, which consists of several specific subregions. The LepRb population investigated in this study is located between bregma 0.65 and 0.25 mm according to the coordinates in the mouse brain atlas (Paxinos and Franklin, 2004) in the median preoptic nucleus (MnPO) and medial preoptic area (MPA) (Fig.  2) that we collectively refer to as median preoptic area (mPOA). 
Detection of LepRb neurons in the DMH and mPOA
Immunohistochemical detection of LepRb with specific antibodies has been difficult in the past and commercially available antibodies either are unspecific or lack sensitivity for immunohistological detection. LepRb signals via the JAK2/ STAT3 signaling pathway, and leptin-induced pSTAT3 has been proven an excellent marker of functional LepRb neurons in the hypothalamus and has been used extensively by us and others (Hosoi et al., 2002; Münzberg et al., 2003; Dhillon et al., 2006; Faouzi et al., 2007) . For example, whereas little baseline pSTAT3 is seen in vehicle-treated mice, leptin treatment induced pSTAT3 in a typical pattern similar to the expression of LepRb. In contrast, although pSTAT3 can be induced by many other pathways, e.g., inflammatory cytokines (Rummel et al., 2005) , LepRbdeficient mice lack baseline and leptin-induced pSTAT3 immunoreactivity (Faouzi et al., 2007) . Furthermore, neuron-specific deletion of long-form leptin receptors resulted accordingly in neuron-specific absence of leptin-induced pSTAT3 (Dhillon et al., 2006) , thus further indicating that leptin-induced pSTAT3 indeed is a correlate of direct LepRb function rather than secondary events. However, in some cases, the required leptin stimulation may interfere with the experimental outcome (e.g., induction of neuronal activity). Thus, the use of reporter mice with conditional EGFP expression in LepRb neurons (LepRb EGFP mice) has been a valuable additional approach to detect LepRb in nontreated animals (Leshan et al., 2006 Leinninger et al., 2009) .
LepRb EGFP reporter mice do not express EGFP in all leptininduced pSTAT3 neurons likely as a result of cre recombination efficiency as the number of LepRb EGFP neurons increases with alleles for cre and loxP. Thus, we use double-homozygous LepRb EGFP reporter mice in our studies, in which ϳ80 or 96% of all leptin-induced pSTAT3 neurons are colocalized with LepRb EGFP as evaluated in the lateral hypothalamus and ventral premammillary nucleus, respectively Leshan et al., 2009) . To validate in the DMH that the majority of pSTAT3 neurons recapitulate EGFP reporter expression, we quantified the number of neurons showing LepRb EGFP expression and leptin-induced pSTAT3 (after 1 h leptin treatment) in the DMH and found as well that the majority (72 Ϯ 2.4%) of leptininduced pSTAT3 neurons are colocalized with EGFP (Fig. 3B) . Thus, leptin-induced pSTAT3 and LepRb EGFP are both valid methods to detect central LepRb neurons.
LepRb neurons in the DMH, mPOA, RCh, EW, and NTS are involved in sympathetic BAT circuits PRV has been extensively used in the literature to label neuronal populations in the brainstem and forebrain that are involved in sympathetic BAT circuits (Bamshad et al., 1999; Cano et al., 2003; VossAndreae et al., 2007) , and this technique has helped to characterize neuronal populations in the DMH/DHA and mPOA as important regulator of thermogenesis (Nakamura et al., 2004; Dimicco and Zaretsky, 2007) . Although some of these neuronal circuits have been well characterized in recent years Morrison et al., 2008; Yoshida et al., 2009 ), much less is known about endogenous regulators of these neuronal circuits.
Leptin has been repeatedly noted to be involved in thermoregulatory events, e.g., leptin deficiency and lack of LepRb results in an inability to adjust to acute cold exposure, resulting in severe hypothermia and even death (Trayhurn et al., 1976 (Trayhurn et al., , 1977 . However, very little is known about the neuronal circuits involved.
LepRb neurons are found in the DMH/DHA and mPOA, and we thus hypothesized that leptin action in the DMH/DHA and mPOA might be involved in its thermoregulatory functions. To identify LepRb neurons involved in sympathetic BAT circuits, we injected PRV into the BAT of LepRb EGFP mice for 60 h to confirm specificity of PRV infection to the BAT and an extended time of 96 h to capture the maximal PRV infection of LepRb neurons.
After 60 h of PRV infection, PRV was found confined to the thoracic portion of the spinal cord (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material) specifically in the preganglionic intermediolateral bundle (IML), as identified by the expression of ChAT. All PRV-infected neurons in the spinal cord after 60 h were colocalized with ChAT, indicating exclusive PRV infection to the IML (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material).
After 96 h of PRV infection, we found typical infection patterns in the brain that have been described in detail by others (Bamshad et al., 1999; Cano et al., 2003; Voss-Andreae et al., 2007) , generally in the brainstem (raphe nuclei), midbrain (red nucleus, periaqueductal gray), and hypothalamus (PVN, mPOA, DMH/DHA, RCh), and a general rating of most of these areas is reported in Table 1 .
We then analyzed all LepRb-expressing brain sites for PRV infections and found retrogradely PRV-traced LepRb neurons in the DMH/DHA (34 Ϯ 5% of total PRV neurons) and mPOA (33 Ϯ 4% of total PRV neurons) (Figs. 4A,B, 5) . PRV infection of the DMH/DHA was typically restricted to the rostral DMH/DHA (corresponding to bregma level Ϫ1.82 to Ϫ1.94 mm), which has been also reported by others (Cano et al., 2003) , and did not extend to the mt; accordingly, PRV/LepRb neurons were found in the rostrodorsal portion of the DMH/DHA (Fig. 1A) . We also consistently found PRV-traced LepRb neurons in the RCh, NTS, and EW (68 Ϯ 12, 32 Ϯ 7, and 35 Ϯ 8% of total PRV neurons, respectively) (Figs. 4C-F, 5) , which have not been specifically investigated as important thermoregulatory sites in the literature and will need additional investigation for their role in thermoregulatory leptin action.
In contrast, several other sites with both LepRb expression and PRV labeling (e.g., the PVN, lateral hypothalamic area, periaqueductal gray, parabrachial nucleus) did not show any colocalization of LepRb and PRV, although an occasional PRV-infected LepRb neuron was found in these sites (Table 1). However, as found by others (Cano et al., 2003) , PRV injection from the BAT did vary between animals, e.g., PRV infection of LepRb neurons in the DMH/DHA varied from 15 to 50% in the analyzed brains. Thus, a lack of PRV/LepRb colocalization cannot completely rule out their involvement in thermoregulatory circuits.
Acute cold exposure stimulates LepRb neurons in the DMH/DHA but not LepRb neurons in the mPOA
Recent work suggests that thermoregulatory neurons in the DMH/DHA receive inhibitory inputs from the mPOA and that DMH/DHA neurons directly project to the raphe pallidus in the medulla Morrison et al., 2008) . These neurons are differentially regulated by acute cold exposure, with the mPOA being inhibited, thus reducing GABAergic inputs onto DMH/DHA neurons and consequently leading to a stimulation of DMH/DHA neurons during cold exposure (Cano et al., 2003; Nakamura et al., 2005; Yoshida et al., 2009) .
We used this paradigm to further strengthen our findings that LepRb neurons in the DMH/DHA and mPOA represent these thermoregulatory populations and investigated whether LepRb neurons in the DMH/DHA, but not the mPOA, are stimulated by acute cold exposure. Indeed, 3 h cold exposure significantly induced c-Fos (as a surrogate for neuronal activity) in LepRb neurons within the DMH/DHA (Fig. 6) but not in LepRb neurons in the mPOA as well as the remaining DMH (data not shown), thus further indicating a significant involvement of leptin signaling in thermoregulatory circuits in the DMH/DHA and mPOA.
LepRb projections from the DMH
Blocking of GABAergic inputs to the DMH results in increased BAT thermogenesis (Zaretskaia et al., 2002) and inhibition of DMH neurons prevents BAT thermogenesis (Zaretskaia et al., 2003; Nakamura et al., 2005) , which involves at least in part signaling via coldresponsive neurons in the DMH/DHA that project to the rRPa ( Dimicco and Zaretsky, 2007) . However, DMH neurons also densely innervate the PVN to regulate neuronal activity (ter Horst and Luiten, 1986; Thompson et al., 1996; Bailey and Dimicco, 2001; Zaretskaia et al., 2002) , although the involvement of this circuit in thermoregulation is less clear.
Thus, we aimed to investigate the neuronal projections specifically from LepRb neurons in the DMH via targeting a creinducible EGFP adenoviral vector to the DMH of LepRb cre/cre mice. The additional farnesylation of EGFP (EGFPf) in this viral construct targeted EGFP to the cell membrane for enhanced visualization of thin axonal projections.
Indeed, we found that LepRb neurons from the DMH densely project to the PVN, as well as sparse but consistent projections to the rRPa. Furthermore, we found terminal fields in the mPOA, bed nucleus of stria terminalis, lateral septum, RCh, arcuate nucleus (ARC), periaqueductal gray, and within the DMH (Fig. 7 and data not shown). Collectively, these data suggest that thermoregulatory LepRb neurons in the DMH indeed may interact via the rRPa and/or PVN, while also interacting with several hypothalamic sites that are likely not all involved in thermoregulatory function.
LepRb neurons in the DMH/DHA and mPOA innervate the raphe pallidus To further distinguish whether LepRb neurons in the DMH/DHA project to the rRPa or the PVN, we injected the retrograde tracer fluorogold into the RMR (including the rRPa) (Fig. 8A) or PVN (Fig. 9A) .
We found several LepRb DMH neurons retrogradely labeled from the PVN, but none were found in the DMH/DHA area (Fig.  9 B) . In contrast, we found the majority of LepRb neurons in the DMH/DHA (Fig. 8 B, BЈ) and a large portion of LepRb neurons in the mPOA (Fig. 8C ,CЈ) colocalized with FG from the RMR. Because of the small size of the rRPa in the mouse, it is difficult to confine FG injections solely to this site; thus, we used injections to the RMR to represent neurons projecting into the rRPa (Fig. 8 A) . This is supported by the fact that FG injections into the RMR, excluding the rRPa, showed only a few FG-traced neurons in the DMH/DHA or mPOA and only occasionally a colocalization with LepRb neurons (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material).
These results, together with our adenoviral tracing studies, support that LepRb neurons in the DMH/DHA indeed represent thermoregulatory neurons that act via the rRPa to regulate BAT thermogenesis. Furthermore, we also show that LepRb neurons in the mPOA project to the rRPa, indicating that thermoregulatory leptin action involves several neuronal populations and likely acts differentially on these distinct neuronal populations.
LepRb neurons are synaptically coupled with rRPa neurons
To further demonstrate that LepRb neurons indeed innervate neurons in the rRPa, we used LepRb EGPF mice to identify LepRb projections into the rRPa. To visualize rRPa neurons, we counterstained with the neuronal marker NeuN. As seen in Figure 10B , we found clear LepRb projections intermingling with rRPa neurons (n ϭ 10).
We further used LepRb WGA mice, which have been described previously as a new tool to study synaptic targets of LepRb neurons (Leshan et al., 2010) . In these mice, WGA is produced in LepRb neurons, which is known to be transported anterogradely along the axon and further transsynaptically into second-order neurons. Consistent with the identified LepRb projections in the rRPa (Figs. 7D, 10B ), we were able to find WGA-labeled neurons in the rRPa (Fig. 10D, n ϭ 5) , demonstrating that LepRb neurons indeed are synaptically coupled with rRPa neurons.
Although in these studies we cannot discriminate from which LepRb population these projections originate, we showed additionally that FG tracing from the rRPa intensely labels LepRb neurons in the DMH/DHA and mPOA (Fig. 8) . Therefore, together these data strongly indicate that LepRb neurons in the DMH/DHA and mPOA innervate rRPa neurons and thus might contribute importantly to the regulation of rRPa neurons.
A population of LepRb neurons in the mPOA projects to the DMH/DHA Neurons in the mPOA are required for maintenance of basal body temperature, as well as cold or lipopolysaccharide (LPS) induced fever response (Yoshida et al., 2009 ). These mPOA neurons project directly to the rRPa (mPOA Ͼ rRPa neurons) but also to the DMH/DHA (mPOA Ͼ DMH/DHA neurons) (Nakamura et al., 2005; Yoshida et al., 2009 ). Importantly, a functional DMH is required to mediate mPOA-evoked thermoregulatory responses , further supporting the relevance of mPOA Ͼ DMH/DHA projections.
Thus, we hypothesized that LepRb neurons would be also present on mPOA Ͼ DMH/DHA neurons and analyzed colocalization of mPOA LepRb with FG-labeled neurons from the DMH/ DHA (Fig. 11A,B) . Indeed, we found several mPOA neurons retrogradely labeled with FG from the DMH/DHA, and many LepRb neurons in the mPOA (including the MnPO and MPA) were colocalized with FG (Fig. 11C,D) , demonstrating that they project into the DMH/DHA. Therefore, these data suggest that DMH/DHA and mPOA LepRb neurons represent both inputs to premotor rRPa neurons and that mPOA Ͼ DMH/DHA LepRb neurons directly interact with LepRb neurons in the DMH/DHA as schematically summarized in Figure 12 , suggesting a crosstalk of different LepRb populations in thermoregulatory control.
Discussion
It is well established that leptin-deficient mice are hypothermic (ϳ1°C vs wild-type mice) and are unable to defend their body temperature during acute cold exposure (Trayhurn et al., 1976 (Trayhurn et al., , 1977 . The thermoregulatory defects in these mice have been attributed to defective BAT thermogenesis (Goodbody and Trayhurn, 1982; Himms-Hagen, 1985) , but little is known about the neuronal circuits involved.
In the thermogenic field, several discoveries over the last years have led to the identification of important neuronal circuits, including the mPOA and DMH/DHA, and their interaction with the rRPa Morrison et al., 2008) , a key component in the thermoregulatory adaptation to cold exposure and febrile responses to endotoxins (Nakamura et al., 2005 (Nakamura et al., , 2009 ).
LepRb neurons represent thermoregulatory circuits in the DMH/ DHA and mPOA
In this study, we show anatomical evidence that LepRb neurons in the DMH/DHA and mPOA contributed to the regulation of sympathetic BAT outputs. We identified LepRb in the DMH/DHA and mPOA that were labeled with PRV from the exclusively sympathetic innervated BAT. We further demonstrated that LepRb neurons are synaptically coupled with rRPa neurons and that specifically DMH/DHA LepRb neurons project to the rRPa and are stimulated during acute cold exposure. This strongly suggests that LepRb neurons in the DMH/DHA represent thermoregulatory neurons that play a key role in the regulation of BAT thermogenesis as described by Nakamura et al. (2005 Nakamura et al. ( , 2009 .
Furthermore, we found that LepRb neurons in the mPOA project to the DMH/DHA and rRPa, consistent with studies in the rat (Nakamura et al., 2005 (Nakamura et al., , 2009 Dimicco and Zaretsky, 2007; Yoshida et al., 2009 ). Thus, leptin action appears to interact on several levels within this thermoregulatory circuit, showing parallel inputs to the rRPa from the mPOA and DMH/DHA and suggesting an interaction of LepRb populations in the mPOA and DMH/DHA.
Leptin targets in thermoregulatory control beyond the DMH/ DHA and mPOA
We also found LepRb neurons in the RCh, NTS, and EW consistently labeled with PRV from the BAT. Whereas the neuronal circuits of these sites, particularly with regard to thermoregulation, have not been investigated in detail, some data support their involvement in thermoregulatory control.
The RCh lays rostral to the ARC and harbors a large population of proopiomelancortin (POMC)-expressing neurons, which are predominantly colocalized with LepRb in the RCh and rostral ARC (Mü nzberg et al., 2003) . POMC cleavage products stimulate melanocortin 3 and 4 receptors and have been long known to induce thermogenesis along with their important anorexigenic effects (Raible and Knickerbocker, 1993; Sinha et al., 2004; Fan et al., 2005) .
The NTS is the major input structure for vagal afferents. NTS neurons are known to project locally within the brainstem but also to hypothalamic structures (e.g., the DMH and PVN) that have been shown to regulate sympathetic outputs to the BAT (Geerling and Loewy, 2006) . Although leptin alone is unable to regulate BAT thermogenesis via the brainstem, a gating role has been proposed for leptin in combination with thyroid releasing hormone (TRH), which elicited a large increase in body temperature (3.5°C) during leptin pretreatment compared with a 1°C increase by TRH alone (Hermann et al., 2006; Mark et al., 2009; Rogers et al., 2009) .
The EW is a midbrain structure that can be divided into cholinergic preganglionic neurons involved in oculomotor functions and urocortin-1 expressing non-preganglionic neurons (npEW) that are involved in stress and anxiety (Kozicz, 2007) . LepRb neurons in the EW have been found to colocalize with anorexigenic urocortin, showing that LepRb neurons are part of the npEW (Xu et al., 2009) . The npEW has not been associated with thermoregulation in particular, but stress-induced hyperthermia/fever is well documented and might involve the npEW (Bouwknecht and Paylor, 2002) .
Thus, additional investigations will be necessary to specify the thermoregulatory role of RCh, NTS, and EW as well as the importance of leptin action in these sites.
Leptin action in thermoregulation Fever
A coordinated rise in body temperature attributable to inflammation, infection, or stress is commonly described as fever and causes vasoconstriction and BAT thermogenesis to raise body temperature (Székely and Szelényi, 1979) . Bacterial LPS have been used experimentally to induce fever, and cytokines, such as interleukins (IL-1␤, IL-6), tumor necrosis factor (TNF␣) and prostaglandins (PG), are involved to mediate LPS-induced fever (Kluger et al., 1995; Luheshi and Rothwell, 1996) .
An involvement of leptin in febrile responses has been discussed controversially. Leptin gene expression and serum leptin levels are induced by LPS, IL-1␤, IL-6, TNF␣, or PG, and, consistent with other studies, leptin receptor deficiency has been found to be associated with a suppressed fever response to LPS (Dascombe et al., 1989; Busbridge et al., 1990; Rosenthal et al., 1996; Plata-Salamán et al., 1998; Ivanov and Romanovsky, 2002) . In contrast, leptin-receptor-deficient rats housed at thermoneutral temperature have normal febrile responses (Ivanov and Romanovsky, 2002) . LPS-induced fever is essentially independent of BAT thermogenesis under thermoneutral conditions rather than using skin vasoconstriction to decrease heat loss and thus increase body temperature (Székely and Szelényi, 1979) , which might explain this controversy.
Our findings provide a neuroanatomical basis to support a role of leptin action in fever responses. Interestingly, recent findings suggest that specific thermoregulatory systems that regulate fever or basal body temperature involve distinct as well as overlapping neuronal populations in the mPOA (Yoshida et al., 2009) . The involvement of leptin action in several of these thermoregulatory circuits as well as other sites, with potentially counteracting functions in the mPOA and DMH/DHA, might further account for some of the controversy of febrile leptin action. The identification of LepRb neurons in known thermoregulatory circuits, however, will help to further dissect the role of leptin in these circuits under specific thermoregulatory conditions.
Cold-induced thermogenesis
Leptin-deficient mice are unable to adapt to acute cold exposure, whereas exogenous leptin replacement rapidly rescues their ability to survive the cold (Trayhurn et al., 1976; Ukropec et al., 2006) . In addition, their BAT capacity is severely decreased and UCP1 transcripts are not induced in response to cold (HimmsHagen, 1985) . However, the mechanisms of leptin action on thermoregulation are not well understood.
Animals with decreased leptin levels attributable to body fat loss during prolonged fasting or food restriction (as well as obese but leptin-deficient mice) perform daily torpor with a substantial decrease in body temperature to preserve body reserves. Exogenous leptin injections prevent these torpor events (Gavrilova et al., 1999) , possibly by increasing UCP1 expression in response to leptin (Scarpace et al., 1997; Commins et al., 1999) , which would involve an increased sympathetic tone to the BAT. Therefore, this suggests that leptin would have a stimulatory effect on DMH/DHA neurons.
In contrast, in humans, daily fluctuations of body temperature underlying the sleep-wake cycles is associated with high circulating leptin levels during sleep cycles and thus low body temperature (Simon et al., 1998) . In addition, cold exposure generally decreases leptin mRNA expression in adipose tissue (Evans et al., 1999) , supporting an inhibitory action of leptin on DMH/DHA neurons.
Furthermore, although leptin-deficient mice can die from hypothermia by acute cold exposure (4°C), they are capable of adjusting to the same cold environment by gradual adaptation to the cold (reduction of temperature by 2-3°C/d), which involves a UCP1-independent mechanism that requires TRH and leptin for proper function (Ukropec et al., 2006) . Therefore, complex interactions of diverse systems collectively regulate body temperature, and leptin appears to plays a key role in orchestrating these diverse systems. Additional studies will be necessary to investigate the effects of leptin on DMH/DHA and mPOA neurons in specific thermoregulatory situations. 
Thermoregulation and body weight
A role of BAT function in the development of obesity has been speculated, although the presence and functionality of BAT in adult humans has been doubted. However, recent studies clearly demonstrated the presence of large amounts of functional BAT in adult humans and revived the interest in thermogenic BAT function, their underlying neuronal circuits, and their endogenous regulators as potential targets for obesity drugs (Garrow, 1983; Frühbeck et al., 2009 ).
It has been long known that the ingestion of high caloric food is associated with an increase in body temperature, sympathetic tone, and BAT capacity (Rothwell and Stock, 1979) . However, if these effects indeed involve controlled adaptive thermogenesis (via centrally controlled BAT thermogenesis) or if simply thermic effects are involved (attributable to increased digestive function and metabolizing additional fuels) has not been resolved (Garrow, 1983; Nedergaard et al., 2007; Ravussin and Kozak, 2009) .
Our data support the possibility that the action of leptin on energy homeostasis uses several thermoregulatory circuits, and additional studies are necessary to specifically address the importance of thermoregulatory control by leptin for whole-body energy balance and the development of obesity.
